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HE Engineering Experiment Station was established by act of the 
Board of Trustees, December 8, 1903. It is the purpose of the 
Station to carry on investigations along various lines of engineer- 

ing and to study problems of importance to professional engineers and 
to the manufacturing, railway, mining, constructional, and industrial 
interests of the State. 

_ The control of the Engineering Experiment Station is vested in the 
heads of the several departments of the College of Engineering. These 
constitute the Station Staff and, with the Director, determine the char- 
acter of the investigations to be undertaken. The work is carried on 
under the supervision of the Staff, sometimes by research fellows as 
graduate work, sometimes by members of the instructional staff of the 
College of Engineering, but more frequently by investigators belonging 
to the Station corps. 

The results of these investigations are published in the form of 
bulletins, which record mostly the experiments of the Station’s own staff 
of investigators. There will also be issued from time to time, in the 
form of circulars, compilations giving the results of the experiments of 
engineers, industrial works, technical institutions, and governmental 
testing departments. 

The volume and number at the top of the title page of the cover 
are merely arbitrary numbers and refer to the general publications of 
the University of Illinois; either above the title or below the seal is given 
the number of the Engineering Experiment Station bulletin or circular 
which should be used in referring to these publications. 

For copies of bulletins, circulars, or other information address the 
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I. THe EmprittLeMEent oF Steen. py Caustic Sopa 


1. Introduction—Early in the year 1912 a certain boiler distress 

. which had occurred at the University of Illinois brought to a focus 

the more or less controverted point as to whether the method of con- 

struction of the boilers in question, the material used, or chemical 

action was at fault. After numerous conferences with the representa- 
tives of the Babcock and Wilcox Company and the presentation by 
them of a mass of facts and opinions relating to similar difficulties 
elsewhere, it was agreed that there was sufficient evidence at hand 

practically to preclude the theory of faulty material, and that the 
subject was important enough to deserve the attention of a special 
committee to formulate a method of procedure for carrying out an 
extended investigation of the difficulty. 

In consequence a committee was appointed by the Director of 
the Engineering Experiment Station as indicated by the following 
letter : 
7 URBANA, ILLINOIS, 

January 28, 1913. 
Proressor C. R. RicHarps, Chairman; Proressor E. J. Berc, PROFESSOR 

A. N. Tatzot, Proressor J. M. WHITE, Proressor 8. W. Parr, Pro- 

FESSOR H. F. Moore: 

GENTLEMEN :— 

At a meeting of the Station Staff held January 27 a statement was 
submitted by the Director outlining a problem in boiler maintenance which 
had been formally referred to the Station. The question raised concerns 
the cracking of plates in boilers which has been observed in a considerable 
number of instances in three different localities in the Mississippi valley. 
In all the cases reported the boilers were fed with artesian well water. 

The undersigned reported that in the process of developing the ques- 
tion there had been some correspondence and that several of those inter- 
ested in the matter at the University had two meetings with Mr. I. 
Harter, Jr., of the Babcock and Wilcox Company. At my request Pro- 
fessor Richards has formulated a statement, dated January 23, 1913, 
covering the investigation that should be made, which statement supple- 
mented by briefs submitted by Professor Talbot and Professor Parr. were 
presented in full at the meeting of the Station Staff. It was unanimously 
agreed that you should be appointed a Committee to have charge of the 
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proposed investigation, and the purpose of this letter is formally to notify 


you of your appointment upon such a Committee. I assume that the facts — i) } 


involved are already known to you and that the initiative in the further 
development of the problem will rest with the Chairman of the Committee. 
_ May I add an expression of my belief that the problem which has been 
outlined is one of unusual importance and that its solution will justify the 
bestowal of generous attention upon the part of each member of the 
Committee. 
_Very truly yours, 
_ W. F. M. GOSS, 
DIRECTOR OF THE ENGINEERING EXPERIMENT STATION. 


As‘a result of the conference of this committee it was agreed that — 


certain of the more evident phases of the topic were of a chemical 
character and that these should be taken up by the department of 
chemistry. Dr. William Hirschkind of the division of Industrial 


Chemistry was detailed under the direction of Professor S. W. Parr — 


to begin the work. His first report under date of April 15th, 1913, 
was supplemented by a more complete report covering all the phases 
of his investigation up to June 15th, 19138. 
Following Dr. Hirschkind, the work was taken up again in March 
of the next year by Dr. Paul D. Merica and continued until July, 1914. 
Before presenting the results of these investigations some of the 


preliminary facts are discussed which have led up to the work and _ 


to some extent have controlled or indicated the line of chemical inves- 
tigation to be followed. 


2. A New Type of Water Supply—The water works at Urbana, 
Illinois, installed in 1884, has its source of supply in a gravel and sand 
stratum about 165 feet below the surface. This plant has the distinc~ 
tion of being the first to bring this particular type of water into 
service. 

The character of the water is unique in that it is almost free from 
sulphates and has from sixty to seventy parts per million of free 
sodium carbonate. Chemical analysis shows it to contain the seem- 
ingly incompatible mixture of approximately four hundred parts per 
million of the carbonates of calcium, magnesium iron, and the sixty 
to seventy parts of free sodium carbonate first mentioned. It should 
be remembered, however, that in the natural water these properties 
are all present in the ‘‘half-bound”’ or bicarbonate form and, hence, 
are soluble. The water, therefore, not only has no permanent hardness 


| 


a) 


pu yurgin ae and aes no scale whatever within the boiler, 
an In the year 1895, and following, a series of studies was in progress | 
in the division of Endussrial ieinistey at the University of Illinois 


which sought to follow the changes and interactions going on in the 
water within a steam boiler, under the existing conditions of tempera- 


ture and pressure, for the purpose of arriving at an understanding 


of the processes involved in the formation of scale, the treatment 
_ which would be indicated for its removal, the causes of corrosion, 


and other factors. Two interesting facts developed which were not 


fully appreciated at the time. 


First, because of the opportunity placed at our disposal for 
studying the water-supplies of certain railroads, especially the Illinois 
Central, the Big Four between Indianapolis and Peoria, and the 


Chicago and Alton, a rather extended zone for this particular type 


of water was indicated and fairly definitely outlined.* 

Second. In waters of this type, after a few days of use in sta- 
tionary boilers where the blow-off is naturally only partial and 
periodic, the sodium bicarbonate, Na,H,(CO,)., of the raw water did 
not stop in its process of decomposition by heat 


2(NaHCO,) — Na,CO, + CO, + H,0 


but went further; part of the sodium carbonate hydrolyzed and be- 


eame sodium hydroxide according to the reaction: 
Na,CO, + HO = NaHCO, + NaOH 


The residual water within the boiler became an active reagent 
for the precipitation of scale-forming material the moment it came 
in contact with the fresh incoming water, thus indicating why such 
waters are self purging and develop no scale whatever within the 
boiler. Further significance which might attach to the presence of 
caustic soda in the boilers did not appear at that time. 

Within the last few years a series of phenomena has developed 
which seems to have a direct interest in connection with the data of 
former years. 

In addition to the distribution of such waters as described in the 
article referred to in the Journal of the American Chemical Society, 
the Illinois State Water Survey has found waters of this type to be 


*Journal Am. Chem. Soc., vol. 28, p. 640, 1906. 


- ie more soar dely. distributed than formerly when 
came from shallow capes The local area may be rough); 


Gilman on the Titinois Central Railroad, proceeding adoutlee to | 
clude Normal, thence southward tai the eae of Bloomingto 


westward again to include Hoopeston and Paxton, the starting point. 

oa 

Composition or ALKALINE WATERS IN THE Urpana-CHAMPAIGN — 

District, SHowING THE HyporHEtTicaL COMBINATIONS IN m: 
GraIns PER Unirep States GaLuon? 


: iLoestion. ofS. d.4 cae Urbana ark ae Paxton | Normal 

b Depth of Well (in Feet) 350 120 

. : Supply City City 

i a ee 
Potassium Carbonate AL! Ms Pe ON a A 
Potassium:Nitrate, 3. ©. 4. [> °,. JOD), Gana. oll Gases ee ee 
Potassium Chloride . kD camew of V8 Ol Pacem 
Potassium Sulphate . s OB | cw. dy Sete OV) ac ner 
Sodium-Nitrate 5". co. |) MSSoeee oats OT Lees O25 eee a ee 
Sodium Chloride a borat, pe WO ARAL Ser ofthe eee ames .26 
Sodium Sulphate a) eg Se SH Se pee eee .39 
Sodium Carbonate . . . 5.09 3.96 6.56 
Ammonium Carbonate . . oat 209° tite vies ORR COM eee 
Magnesium Carbonate . . 6.40 5.95 6.98 
Calcium Carbonate . . . 8.40 7.60!| 10,71 
Iron Carbonate . ... . 21 ee ee 
Aum. ey Ew Te -05 oe oc rerarel aed) ene Oates 
BiiGaw ss ken We oa ac 1.47 .81! 1.30 Se oe eons 
Bases. . a Oe ee -00 -O1f ae = LE sali eae 
Undetermined’ 2 100 LA susie | wwe (> connec k late cen tt an ae gin aes oe ane 

Rotel mat tee ot sad le bs 22.80 19.04 26.27 


1 Data from the Illinois State Water Survey. 


According to Bulletin No. 4 of the State Water Survey, pp. 28 
and 29, another marked area is found in the Fox River Valley in the — 
een part of the state which includes Kane and Henry counties a 
and ane region about DeKalb. 


’ 3. Boder Difficulties—It so happens that coincident with, the 
development of these areas, certain characteristic boiler troubles have 
appeared which have given no little concern to boiler users and makers 
alike. The details of boiler inspection reports show a decided increase 
of boiler faulting in areas where the water supplied to the boilers is 


*Journal Am. Chem. Soc., vol. 28, p. 640, 1906. 
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0 ee nee On occurring in the last twenty years and pape 
eu to the same cause, whatever that may be, have numbered. 


‘The boiler ie is Gauctibed: as showing feet in the form of 
fine cracks which develop and may proceed from the rivet holes to the 
rok dine: plate, or from rivet hole to rivet hole, or from rivet holes 
_ to the edge of the plate where there is no tensile stress whatever. The 

- development of these cracks occurs always below the water-line, and — 
in the University of Illinois boilers, always in conjunction with a leak 
or other condition which promotes a concentration of the soluble ma- 
_ terial to the saturation point. Some of the characteristics of these 
eracks are shown in the accompanying illustration (Fig. 1) of a blow- 
_ off flange of a 260 H. P. Sterling boiler. Leakage had developed about 
this flange to an extent which made it desirable to remove the flange 
_ for refitting. The first attempt to drive out a rivet revealed the condi- 
tion which is shown in its full development in the picture. Attention 
is called to the fact that the leakage area is confined to the outer edge 
of the flange; no leakage occurred at the center. Cracking is in evi- 
dence from rivet hole to rivet hole in every case and similarly every 
rivet hole has a crack extending outward to the edge of the flange. 


4. Purpose of these Studies—The purpose of this investigation 

has been to determine the embrittling effect of certain chemicals when 

- brought into contact with iron and steel in such a manner as to set 
- up a chemical reaction. It is not an attempt to explain the cause for 
_poiler failures in these areas. Though it may throw some light upon 

one of the factors in the case which may be the predominating factor, 
emphasis should be laid upon the fact that much more remains to be 
done before a complete and adequate explanation can be offered. For 
example, the first twelve or fifteen years of use of this water in the 
University boilers was without noticeable effect on the boiler plates. 
In 1915 four drums in a new equipment of two 500 H.P. B & W 
boilers, which had been’in use only three years, were so badly cracked 
that it was necessary to remove them. The old plant which was used 
for heating, however, operated only at less than 100 pounds pressure, 
and the use of the boilers was intermittent. In the new plant carry- 
ing both the heating and the power load of the University the service 
has been continuous, shutting down only for repairs. A constant 
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heavy dverlbad has been maintained and the pressure > carried 2 

proximately 140 pounds. 

Temperature, concentration, and continuity may, Therativeee 
important factors. Moreover, the soluble salts remaining in the witen - i 
from these two particular districts, at least, consist almost entirely of an 
sodium carbonate and hydroxide with only a minimum of sulphate — 
and chloride present. The inhibitive effect or perhaps simply the — 
diluting effect of larger percentages of sulphates and chlorides Se 

. be a determining feature. ‘ 

P- It is evident, therefore, that many factors enter into the problem, 
and it has seemed wise to confine our attention to one factor only with _ 
the definite understanding that the immediate objective has been a — 
contribution to our knowledge of the embrittling process and the 4 
conditions under which it may be brought about. 

} The first report presented herewith (Chapter II) is that of Dr. 
Hirschkind, and since he has compiled a valuable list of the more 
important references, this part of his paper is given entire in Appen- 
dix B, together with additions of more recent date. 

It will be noticed that Dr. Hirschkind’s line of investigation con- 
sisted, in the main, of a study of the change in potential of iron 
which had been subjected to the action of nascent hydrogen. The 
first pressures used were normal; hence the temperatures were gen- 
erally confined to from 100 degrees to 120 degrees Centigrade. ’ 

In Dr. Merica’s work (Chapters III, IV, and V) the action of 
caustic solutions was extended to include reactions under pressure 
and, consequently, at higher temperatures. Other effects than poten- 
tial modifications were studied, as, for instance, the inhibiting effect 
of certain reagents. 


_ > @ 
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5. Summary.—Certain conditions may be summarized as indi- 
cating the direction taken in carrying on the experimental work. 
These may be briefly enumerated. The peculiar cracking or faulting 
of boiler plates under consideration occurred : 


a. Below the water line. j 
In connection with leakage at seams and rivet holes. 
c. Accompanied by an exterior accumulation of incrustation 
of strongly alkaline character. 
d. Where the water employed contained a very considerable 
amount of caustic soda (NaOH). 
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The e riments, as a result of this general agreement in the condi-_ 

ions, were directed toward determining the effect of caustic soda 
_ Steel or the indirect effect of hydrogen resulting from such 
m. In general there seemed to be sufficient data for concluding 


a 5 


a, Caustic soda of sufficient strength attacks iron with the 

generation of hydrogen. Indicating the reaction with : 

oe: the hydroxyl ion only, we would have 3Fe + 40H = a 
om Fe,0, + 4H. 

b. Hydrogen in the nascent state, whether generated by alkali 
or acid, enters into the texture of the iron in a way to 
modify its physical properties. 

c. The hydrogen effect, at least in its first application, is 
transient, and after a period of rest or freedom from 
the hydrogen action, the iron reverts to its normal 
condition. 

d. Sodium carbonate is without action on iron; there is, there- 
fore, no generation of hydrogen. The hydrolysis of 
sodium carbonate is directly dependent upon the tem- 

perature maintained, the withdrawal of the vapor of 
CO,, and the admission through the feed water of 
carbonated water. It is evident, therefore, that the 
chemical activity would vary with the ratio of hydrol- 
ization or the degree of concentration of the sodium 

* hydroxide. 
e. Certain accompanying salts, as the chromates, have an in- 
hibitive effect. Other salts, as sulphates, have at least 
the effect of acting as diluents. The limits of con- 
centration for maintaining a condition which would 
be below the danger point have not been studied, but 
are features of the case which are of the utmost im- 
portance. A continuation of experiments along the 

lines suggested is in progress. 
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6. Introduction—The studies made up to the present time, 
which are given in outline in Appendix B, have proceeded. on the 
assumption that hydrogen in the ionic form does not exist in metals. 
T. W. Richards in his investigations denies this assumption because 
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of the difficulty of demonstrating the presence of ions in meta s. 
According to our present views concerning electricity, such a difficult y 
does not now exist. We have only to make the assumption tha 
molecular hydrogen changes neither the potential nor the structure j 
of the iron. Hydrogen ions, however, whether generated electro-_ 
lytically or chemically, increase the potential of the iron and cause 
the so-called hydrogen brittleness. a 


i Molecular hydrogen can be absorbed in large amounts by porous — 

— or finely divided iron; it does not change the electro-motive force.* — 
i On the other hand, iron treated with electrolytic hydrogen or with 

ci acids, that is, with byqroges ions, becomes remarkably active and © 
» prittle.} ° 


The experiment of Heyn,¢ in which iron becomes active and 
brittle when heated in a hydrogen atmosphere above 750 degrees and — 
rapidly cooled down, has not found a satisfactory explanation so far, — 
; but according to our theory it may be explained without difficulty. 
At 750 degrees the iron begins to send ont electrons which ionize the 
surrounding gas; in this case hydrogen ions are formed which, taken | 
up by the iron, cause activity and brittleness. 

The normal water as used in the University boilers contains no 
caustic soda and far too little sodium carbonate to have any action 
whatever on the boiler plates. However, by hydrolysis and by con- 
centration in certain localized places a point may readily be reached. 
where chemical action oceurs with the liberation of hydrogen. 


7. Experimental Work.—The first series of experiments was 
directed toward the measuring of the iron potential in a solution. 
The difficulty in this process lies in finding a solution which does not 
change the iron to either the active or the.passive side. The best. 
solution would be a normal solution of FeSO,, such as was used by 
Richards and Behr, but the preparation and handling of such a solu- 
tion so as to avoid all oxidation is very difficult. The simpler method 
as employed by Grave was, therefore, adopted; that is, the potential 
was measured in a 1/10 normal solution of KOH. This solution con- 
verts the iron slowly into the passive state. From the rate of change, 
however, we can determine the original state of the iron piece. 


*Zeitschrift fiir physikalisehe Chemie, Stonchiometrie, und Verwondtsch 
vol. 58, p. 301, 1907. tse aftlehre, 


7Proceedings Royal Society, vol. 23, p. 186, 1875. 
tStahl und Hisen, vol. 20, p. 837, 1900. 
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The iron used was steel wire which had been annealed to elimi- 
t ne effect of the previous stress. A long piece of wire was cut 
+ uniform lengths of six inches, heated in a tube of Jena glass to 
degrees, and slowly cooled. The surface of these wires was covered 
v ith an oxide layer, which was carefully removed before testing. 
_ The method used for measuring the electromotive force was the 


Poggendorf compensation method with a Deprez D’Arsonval galvano- ES 
‘meter as a zero instrument. The standard cell was of the Weston type. ” 
The normal element was Ostwald’s Calomel normal electrode. Be- 

tween the 1/10 normal KOH solution and the normal KCl solution of 

the normal electrode, was a saturated solution of KCI. 

| Two pieces of annealed steel wire were dipped in a solution of 

1/10 normal KOH. The potential against the Calomel electrode and 

_ the change of the potential with the time was measured. 


Sample No, 1 Sample No. 2 


Potential immediately after dipping into the solution 


0.32 Volt 0.34 Volt 

After 5min. 0.3000 0.3035 

0.0085 0.0140 
After 5min. 0.2915 0.2895 

0.00931 0.0085 
After 10 min. 0.2822 0.2810 

0.0044 0.0097 
After 10 min. 0.2778 0.2713 

0.0198 0.0113 
After 30 min. 0.2500 0.2600 


I These figures show that the potential at the beginning is about 
| 0.3 volts and drops in one hour to 0.2600 volts. This is very different 
from the potential of a piece of the same steel wire which is made 
i active before measuring. The easiest way to convert a piece of iron 
into the active state is by cathodic polarization. Another method was 


Sample No. 1 Sample No. 2 


Immediately after dipping in our solution. 


| 3 0.573 Volt 0.600 Volt 


After 5 min. 0.560 Volt 0.574 Volt 
After l hour 0.537 Volt 0.480 Volt 
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tried in this mane Pieces of steel wire of exactly the same kind 
as described were treated for a few minutes with dilute sulphuric — 
acid; that is, with a concentrated solution of hydrogen ions. Then 
they were carefully washed to remove the rest of the acid, and site 
electromotive force measured in 1/10 normal KOH. x % 
The different electromotive behavior of these pieces when com- 
pared with the original is evident. It shows distinctly that the hydro- 
gen ion taken up increases the potential very materially ; furthermore, — 
the rate of change is much smaller. : 
Now if iron or steel treated with caustic soda of a certain con- 
centration also takes up hydrogen ions, the potential must be in- 
creased and the breaking strain lowered. In order to test this, experi-— 
ments were carried on as follows: 


Steel wires three inches long annealed in the manner described 
were treated in boiling caustic soda solution of different concentration. 
The caustic soda attacks even Jena glass so strongly that the tubes — 
were seriously affected by the heating. Therefore, two Jena glass tubes © 
fitting into each other were used. The inside tubes contained the 
steel wire and the caustic solution and were drawn out a little to 
prevent evaporation. The evaporation and the effect on the outside 
tubes could not be entirely prevented, but were greatly reduced. For 
our experiments four caustic soda solutions of different strengths were — 
used, 10, 25, 50 and 70 per cent. Each tube contained two pieces of 
annealed aa wire three inches long. 

The tubes were heated in an air bath to from 110 to 120 degrees © . 
for one week. Afterwards the tubes were opened and the wires taken — 
out and carefully washed with water. The wires in the 10 per cent 
NaOH solution did not show any change on the surface, but the wire’ 
in the stronger solution became rough, and dark colored, and con- 
tained on the surface adherent particles of solid caustic which were — 
hard to remove. s 

The elongation and breaking strain of the original and of the — 
treated pieces were determined through the courtesy of Prof. ee 
Moore. The results are given in Table 1. 

The treated pieces show a slow increase in the elongation and a 3 
very distinct lowering in the breaking strain. Between the pieces in © 
the various concentrated solutions there is only a small difference. If 
the lowering of the breaking strain is due to the hydrogen taken up, 3 
then the treated pieces must show a different potential in a solution. 
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Breaxne ‘SrraIn as AFFECTED BY DIFFERENT STRENGTHS OF Caustic 
Sopa Soiurions 
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Elongation! piece 

in Belen ag Ultimate : 

Lengti lb. per bd 
er Cent | sq. inch 4 


SPECIMEN 


1 Steel wires treated 
n 70 per cent NaOH . 


No. 2 Wires treated in 50 
percent NaOH . . 


No. ek ee a5. 
percent NaOH .. 


No. 4 Wires a a in 10 
per cent NaOH 


In this way the electromotive force of the different treated and un- 

treated pieces was determined. 

The pieces of steel wire were carefully cleaned with sandpaper 
and fixed with paraffin in small glass tubes so that only a small part 
of the wire with the broken end came into the solution. In order to 
have a good contact a little mercury was admitted into the glass tubing 
which was closed with paraffin against the liquid. The method of 
measuring was exactly the same as in the preliminary experiments. 

The results are given in Tables 2 and 3. The first series was 
measured about two days after the wires were taken out of the solu- 

tion, the second about five days after. The figures show undoubtedly 

that the treated pieces have a considerably higher potential than the 
untreated. 

The potentials in the second table are not quite as high as those 
in the first, probably because of a loss of hydrogen resulting from 
the exposure to the open air for a few days. 

- In order to test the action of caustic soda upon iron under stress 
another series of experiments was carried on as follows: 

Four pieces of steel wire three inches long and four pieces six 
inehes long having one bend in the middle were boiled in caustic soda 
solutions of the same concentration as in the experiments described. 
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VARIATION IN PorentiaL Dug TO TREATMENT IN Caustic Sopa: Sonur1¢ oD 
Varyina Srrenotus. Mrasurep Two Days arrer TAKING a 
ouT OF SOLUTION 


dO 
m- |p: n- 
tial in| #™° |tial in 
Volts Volts 


Sprcimpn 


Untreated wire. 
0. 1. Treated 
4.090 .428] 4.14)0.401 


4.10/0.437| 4.15/0.407| 4.21] 0.391] 4.32|0.346| 4.47|0.351| 5.07/0.33: Fabs 


O 4.11)0.405) 4.16/0.381 % , : 
No. 4. Treated Day 


onl 
in 10 per cent ’ 
NaOH. 4.23) 0.359] 4.34|0.344| 4.4910 .3: le baad 


TABLE 3 = 
VARIATION IN PorentTIAL Dus TO TREATMENT IN Caustic SoDA SOLUTIONS OF 
VarYING StreNeTHsS. Merasurep Five Days Aarrer TAKING c. 
OUT OF SOLUTION 
Poten- Poten- Poten- Poten- 
Specimen |Time | tial in /Time] tial in /Time] tial in | Time} tial in | Time} tial in | Time | tial in 
—— Volts Volts Volts Volts 
Untreated . |11.11} 0.376 |11.16] 0.343 |11.21] 0.329 2.50) 0.240 | Next 
Day | 0.217 
ING lees 11.12] 0.419-|11.17] 0.400 |11.22] 0.349 |12.01} 0.338 | 2.51) 0.279 | Next 
| Day | 0.220 
No. 2..... [11.13] 0.400 |11.18] 0.379 |11.23] 0.369 |12.02| 0.321 | 2.52| 0.277 Next ee 
ay b 
No wS4AcG0 11.14] 0.389 |11.19] 0.376 [11.24] 0.356 |12.03] 0.323 | 2.53] 0.274 Next oan 
ay i 
INor ae ees 11.15] 0.376 {11.20} 0.358 |11.25} 0.346 |12.04] 0.280 | 2.54] 0.234 | Next 
Day | 0.184 
. _ 
TABLE 4 ~ 


MopiricaTion OF THE UxtTimats StrenetH or [RON AFTER TREATMENT UNDER 
Srress witH Caustic Sopa SoLuTioNs or VARYING STRENGTHS 
THREE-INCH LENGTHS 


F Length Elongation in Unit Stress 

Specimen Diam- —_—___—__________ Ultimate| Entire Length at Ultimate, 
eter Pears Lbs. per 
Before | After re Sa. In¢h 
Wate nteds tore a cays select, je 1.04 3.05 38.75 22.0 110000 
EGER caer iio aieiker Re 1.04 3.00 3.70 23.3 90700 
No. 1. 70 per cent NaOH..| 1 3.01 ahs) 24.6 71800 
No. 2. 50 per cent NaOH..| 1.04 2.96 3.74 26.4 65700 
No. 3. 25 per cent NaOH..| 1.04 2.93 3.65 24.6 66000 
No. 4. 10 per cent NaOH..| 1.04 2.86 3.63 26.9 67000 


a ioe _ 
s 


dts ces » a re 
ACTION OF SODIUM HYDROXIDE ON SOFT STEEL 


; i TaBLeE 5 

DIFICATIONS OF THE ULTIMATE STRENGTH oF IRON AFTER TREATMENT UNDER 
Stress with Caustic Sopa SoLurions or VARYING 

Strenetus. Srx-incw LENGTHS 


Length Elongation in Unit Stress f 


i______________|Ultimate| Entire Length | 2+ Ultimate, 
Per Cent Lbs. per 
Before After Sq. Inch 
a pe Fem pfs ne eau : 
Pieces one bend....... 2... : 6.09 6.86 710 12.65 83000 
2. 50 per cent NaOH.. 5.96 6.80 480 14.10 56500 
. 25 per cent NaOH.. 5.97 6.80 490 13.90 57700 
. 4. 10 per cent NaOH... 5.94 .76 490 13.80 57700 


The heating was done in an air bath of from 100 to 110 degrees for 
one week. Afterwards the breaking strain was determined. The 
results are shown in Tables 4 and 5. 

The pieces show after treatment a small increase in the elonga- 
tion, just as in the first series of experiments. The ultimate stress 
diminishes with the treatment, especially in the pieces which were 
bent before insertion in the electrolyte. 

In studying the effect of hydrogen ions on iron under stress the 
electromotive force of the bent pieces after treatment was not deter- 
mined. The potential of the straight pieces was first determined 
immediately after they were taken out of the solution and again two 
_ days later after testing in the machine. The results are given in Tables 

6 and 7. In the measurements of Table 7, the broken end of the tested 
| pieces was dipped into the solution, as in the tests the results of which 
_ are given in Tables 2 and 3; in both series 6 and 7 the pieces used 
_ were carefully cleaned with sandpaper. 

; These experiments show again that the treated pieces have a dis- 
'tinetly more active potential than the untreated ones. The results 


TABLE 6 


Errect or PorentTiIAL or StrAiGgHT TREATED Pieces IMMEDIATELY AFTER 
TAKING OUT OF THE SOLUTION 


Time Time 7 Time Volt 
SPECIMEN Min. Volts Min. Volts Min. olts 
No.4 10 PerCent NaOH ... 0 0.4000 10 0.379 30 0.370 
No.3 25 PerCent NaOH ... 0 0.470 10 » 0.466 30 ' 0.453 
No. 2 50 Per Cent NaOH ... 0 0.541 10 0.540 30 0.540 
No.1 70PerCent NaOH ... 0 0.520 10 0.510 30 0.5 


given in Table 5, where the bent pieces show a nae greater | 
of the breaking strain, require more investigation before conclu 
may be drawn from them. 


TABLE 7 ; ~. 


5 b2 ° y . a » 
a Errect or PorentiAL oF STRAIGHT TREATED PIECES AFTER DETERMINING r 
THE BREAKING STRAIN. BROKEN END Dipping InTO SoLuTION 


SprciIMENn 


No.4 10 Per Cent NaOH. . 
No.3 25 Per Cent NaOH.. 
y No.2 50 Per Cent NaOH. . 
No.1 70 Per Cent NaOH.. 


As a result of our investigations, we are justified in making the 
following statements : “ 

1. Pieces of steel wire, heated to fromi 100 to 120 degrees in 
caustic soda solution of a higher concentration than 10 per cent in a 
sealed tube, show a small increase in their elongation and a consid- 
erable lowering of the breaking stress. 

2. At the same time the potential of these wires changes dis-— 
tinetly to the active side, which fact cannot very well be explained 
otherwise than by the taking up of hydrogen. 

3. The electromotive test of any kind of iron and steel may give | 
very important information, and it may be worth while to work out 
the details of this specific application to a greater extent. 
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II. THe Emerirrninc ACTION or Soptum Hyproxipe on Sort STKeEL 
~~ 
8. Chemical Reactions Involved.—It is well known * that at ordi- 


nary temperatures iron is passive or non-reactive to sodium hydroxide 
solutions having concentrations in the range of approximately 1/10 N 
to 2 N sodium hydroxide. If, however, the concentration of the 
hydroxide is increased, the passivity vanishes and a reaction of the 
sort described in the following may take place. This is shown bythe 
electrolytic potential of iron toward solutions of sodium hydroxide or 
potassium hydroxide. <A curve, Fig. 3, reproduced from Heyn and 
Bauer’s work,t shows the Emf at ordinary temperatures of iron to 


*Heyn and Bauer. Mitteilungen aus den Kegl.Material- -prufungsamt, 1908. 
7*Stahl und Wisen, 1908. 
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solutions of varying hydroxide concentration. It is seen that an anodic 
reaction of the type 
; Fe + xOH = FeO, + xH 


becomes possible at hydroxide concentrations of about 5N-1ON. At 
higher temperatures the reaction between sodium hydroxide and iron 


+1,20 


+0240 


ELECTROLYTIC POTENTIAL 


& 8 12 NORMAL. Ne OH 
Fig. 3. THr ELEectronytic PoTenTIAL oF Iron Towarp Soprum HyproxipE 
SoLuTION 
(AccoRDING TO HEYN AND BAUER) 


Abscissas....Concentration of NaOH in mols per liter 
Ordinates....Emf of Fe/NaOH/normal calomel electrode 


is more rapid; Krassa * has shown that hydrogen gas is generated by 
the action of N sodium hydroxide on steel at from 150 to 200 degrees 
C. We may expect, therefore, to obtain hydrogen at temperatures 
above the ordinary by the action on steel of sodium hydroxide of 
higher concentrations. 


9. The Effect of Nascent Hydrogen upon the Physical Proper- 
ties of Steel—The researches of Ledebur + into the so-called ‘‘pickling 
brittleness’? have shown that very marked brittleness is produced in 
steel by treatment with dilute acid or by making it the cathode in an 
electrolytic cell. In both cases ‘‘nascent’’ hydrogen is generated on 
the surface of the steel and reacts with it, in some way not yet clear, 
to produce a material which is less tough than the original steel. 
The analogy of the two cases is now apparent, and it is not surprising 


*Zeitschrift fiir Elektrochemie, p. 490. 1909. 
+Stahl und Fisen, p. 681, 1887; p. 745, 1889. 


to find that the action of sodium hydroxide on steel sa ‘ache er 
peratures, at which this reaction first proceeds with apprec iable 
velocity, produces a brittleness comparable with the ‘‘ pickling bri tle- 
ness’’ and due to the same cause. E rp 

In Ledebur’s study of this type of brittleness he found that i 
was not possible to show by the static tensile or compression test the 
deterioration which took place upon generating nascent hydrogen on — 
steel. The various quantities measured, including elongation and 
reduction of area, remained practically unchanged. Some slight — 
change was detected by a transverse static test, but when an alter- 
nating fatigue or impact test was used the deterioration was at once : 
very definitely indicated ; reductions in toughness of from 25 to 75 per 
cent were noted. In this investigation, therefore, it was decided not 
to rely upon a tensile test alone, but to include some form of impact 
and alternating stress test. This decision proved to be a wise one. 

_ There is some reference in the literature.to the effect that sodium > 
hydroxide has a ‘‘destructive effect’’ on mild steel,* but detail data 
of the experiments are not at hand. Similarly an article has recently — 
appeared by Andrews ¢ on the same subject, in which, however, the — 
description of his method of testing is not made clear. He states that — 
a thin strip of soft steel became very ‘‘brittle’’ and ‘‘ecrystalline’’ — 
after immersion for one week in sodium hydroxide at 100 degrees C., — 
and he advances a theory to account for it. Further reference will be 
made to this article later. . 

Before describing the testing apparatus used, it may be well to — 
give the reasons why small specimens were chosen for the tests. The 
chemical part of the problem requires a small specimen, since what- 
ever effect the chemical may have on the material will be localized, — 
more or less at the surface, and in order to make the test sensitive it is 
necessary to have the ratio of the area of the section to the periphery 
small. This is done, doubtless, at the cost of accuracy, but for the 
reason stated it did not seem advisable to use standard dimensions 
either in the tensile test or in the impact bending test. 
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IV. Description oF THE TEsts, TEstING APPARATUS, AND MATERIAL 
TESTED 

10. The Tensile Test—The tensile tests were carried out on a 

10,000 pound Olsen Machine; the same speed was used for all tests. 


*Stromeyer Manchester Steam Users’ Association, 1910. 
7Transactions Faraday Society, March. 1914. 
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tomatic recording device was attached, and all the constants 
read from the stress-strain diagram. It was considered possible 
the form of this curve or the area under it might indicate any 
change in the quality of the material. The specimens were 214 inches 
long, and were turned down in the middle to a diameter of 0.150 
inches for a length of 114 inches; thus a shoulder was left by which 
they were supported in the eines This was considered better than 
threading the heads, as the thread would have been rendered useless 
by the corrosion due to the sodium hydroxide. It was intended to 
study the ultimate strength, the yield point, the elongation, and the 
area under the curve. during the various treatments. 


11. The Impact Test—As there was no impact testing machine 
at hand which was small enough for these investigations, and time was 
an important factor, it was decided to build a special apparatus for 
the tests. Fortunately base and supports were already at hand in 
the form of a large drop testing machine, and it was only necessary to 
eonstruct the pendulum, fasten it to the upright guides of the drop 
testing machine by means of wooden clamps, and bolt an anvil in place. 
An illustration of this machine as set up is presented as Fig. 4. The 
pendulum, consisting of a 114 in. by 4 in. by 6 in. steel block held 
by two half-inch bars, was supported in conical bearings from the side 
bars clamped to the fall-hammer guides. Its weight was 16.5 pounds 
(7.48 kg.). The striking face, which was hardened, had an angle of 
45 degrees and was rounded with a radius of about 44 inch. The 
anvil was a 2-inch steel block securely clamped to the base of the 
fall-hammer ; it had an opening two inches wide with hardened anvil 
faces, rounded with a radius of about 3/16 inch. The recording device 
was simply a pencil attached to the rotating axis of the pendulum 
which traced the record on a card tacked to a board secured at right 
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Fig. 5. Form or Impact TESTING SPECIMEN 


angles to this axis. The height of fall of the center of inertia of the 
pendulum was taken at 24.6 inches (624 M). The round specimens, 
41/ inches long, were notched with a right angle tool in the lathe, and 
the material for about 14 inch on either side of the notch turned down 
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et. 
to a definitely uniform diameter. The diameter at th botte 
notch will hereafter be designated as d, the diameter of the spec 
next to the notch as D. (For sketch showing shape of the spec 
-see Fig. 5.) 
In the earlier tests the following procedure was adopted: ' 
- specimens were turned to the value of D and to within about 0. 
inch of the value of d as determined upon for the test. After th 
sodium hydroxide treatment, in which corrosion always took ple 
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FOOT POUNDS 


DIAMETER D IN INCHES 


Fig. 6. Errrcr or VARIATIONS IN THE DIAMETER D oF THE SPECIMEN (d Cons 
STANT) UPON THE SpEciFIC IMPACT WorK 7 


Abscissas....D in inches 
Ordinates....Specific impact work in foot pounds per square inch 


the specimen at D, Since, however, the specimen at this point was 
corroded down to a value of D, which was 0.002 to 0.004 inch less than — 
the original dimension, values of the specific impact work (work — 
measured relative to the area at bottom of notch) were obtained which — 
were actually higher after the sodium hydroxide treatment than 
before, since the tests on the untreated material had been made on > 
uncorroded specimens with. the original value of D. Reference to — 
Fig. 6 will show the effect of variation of D for a constant value of d — 


; 
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ifie ae work. Fig. 6 also shows how great is the effect 
on of the value of D on the results obtained on the same — 
. After this had been noted in the experiment the procedure 
ras adopted of turning down both at d and at D to the desired values 
ns treatment, thus securing the same conditions i in all the tests. 


en ks specimens were prepared for the repeated bending test, and 
the same order of operation observed. 
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Fie. 7. Errect or VARIATIONS IN THE DIAMETER d aT Borrom or Norcu (D 
CONSTANT) UPON THE SPEcIFIC IMpAcT WorK 


7; Abscissas....d in inches 
: Ordinates....Specific impact work in foot pounds per square inch 
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In tests run with any impact machine on notched specimens, there 
is some question as to the accuracy of the tests or accuracy of agree- 
ment, because there are two sources of error which are difficult to 
separate: (a) that which may be due to the machine, and (b) that 

due to the notching of the specimen. The latter is the more trouble- 
some and difficult to avoid. With this machine an accuracy of agree- 
ment of values for the specific impact work of 10 to 15 per cent was 
generally obtained on specimens notched at the same time and under 
the same conditions. Variations of more than this were, however, 
observed when these conditions were not fulfilled. 


f . 
Attention may be called to some of the results whic 
tained with this machine in the early period of work on the depen 
of the specific work of rupture on the diameters D and d. The ¢ 
showing these results are given in Figs. 6 and 7, in which 
diameters, either D or d, are plotted in inches as abscissas, and 
specific impact work in foot-lbs. per square inch, as ordinates. Fr a 
a consideration of these curves it was decided to take for d the v : 
0.140 inches at which the variation of W, the specific impact work, — 
with d was not s 0) a nF 


12. The Alternate Bending Test—A simple test of bendieee a 

thin wire back and forth in a vise gave to Ledebur the best indication — 
} of brittleness induced by pickling in acid. It was desired to ae 
if possible, some more refined form of test to the present problem. — 


Fig, 8. ALTERNATE BENDING TEST SPECIMEN 
Heyn has improved Ledebur’s test by notching the specimen, and 
modern investigations on the ‘‘fatigue’’ of metals have brought out 
and developed many machines which apply a repeated bending stress. 
The one which seemed most suited to the present purpose was the 
White-Souther type. Although there was a White-Souther machine 
in the laboratory, it was considered best to use the arrangement of 
which an illustration is presented as Fig. 9. At one end the.specimen 
is supported in a draw-chuck in a small lathe, and at the other in a 
bushing and ball-race, fitted in a frame. Through a universal joint 
this frame carries a spring balance by which the applied force is - 
measured. 
The shape of the specimen is shown by Fig. 8, the ball-race frame _ 
being indicated at W. The notch is cut with a right angle tool. As 


Fig. 9. ALTERNATE BenpinG TEstinGc MacHIne 
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ir ‘the notch depend on the dimensions of the spe 
order to have comparable values it is only necessary to main 
constants the force applied at W, and the lever arm of the 
ree aS measured from a, the end of the notch where the specim 
reaks, to b, at which the force is applied. A rotation counter which r 
rs the number of alternations required to rupture is attached _ 
the free end of the specimen at C. The force and the lever arm 
ere so chosen that about 300 alternations sufficed to rupture the — 
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: Fig. 10. THe ALTERNATE BENDING TEST. EFFECT OF VARIATIONS or d (D AND 
MW, tue Benpinc Moment CoNSTANT) ON THE NUMBER OF ALTERNATIONS 

| TO RUPTURE 

; 


Abscissas....d in inches 
Ordinates....Number of alternations to rupture 
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specimen. All the tests were run at the speed of about 120 revolu- 
tions a minute. 

It is recognized that present knowledge of the theory of repeated 
stress does not permit as definite conclusions from this test as poe 
the tensile or even from the impact test. Nevertheless, this repeated — 
bending test with a small number of revolutions has undoubtedly been 
successful in indicating brittleness in many cases where the tensile 


, test failed, as for example, in the cases of phosphorus brittleness,” 
of pickling brittleness,t and of overheated steel.t 
; As to the consistency of results, here again it was sonnel that 


much depended upon the method of preparing the specimen. Refer- 
ence to the curves in Fig. 10 shows that it was necessary to turn the 
specimen accurately. These curves were obtained in a series of tests 
on the untreated material by using a constant bending moment at 
a and a constant value for D, and by varying the diameter at the 
bottom of the notch d. Two ranges of values for d are shown, the 
values of the bending moment being constant. It is seen that for the 
lower value of d the rate of variation of the number of alternations to 
rupture (ordinates) is much greater than for the higher value. It 
was decided, therefore, to use the higher value for d (0.195) in the — 
actual tests. In any series of tests on the same material under the 

same treatment, a maximum variation from the mean of about 5 to 10 

per cent was usually found, although occasional variation of 50 to 

even 75 per cent would be found. Such exceptions were likely due to 

a lack of homogeneity in the material. : 


13. Treatment of the Specimens with Sodium Hydroxide—It 
was decided to study the action of sodium hydroxide on steel at three 
temperatures, 100, 180 and 280 degrees C, and to use, for the most 
part, a concentration of 13.6 N sodium hydroxide or 38 per cent. : 
In a few cases as noted in the tables a different concentration and 
different substances were used. 

The treatment of the specimens at the lower temperature (100 
degrees), even with the concentrated alkali, offered no difficulties, 
since it could be done in Jena glass tubes, and by putting a small 
funnel in the top of the tube the loss by evaporation could be minim- 
ized. At the higher temperatures, however, the glass would have 

*Kommers, Proc. Int. Soc. Test. Mat., 1912. 


7Stahl und Hisen, p. 681, 1887; p. 745, 1889. 
tHeyn, Handbuch der Materialienkunde, 1912. 
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been destroyed in a very short time, and some other material had to 
be sought, therefore, as a containing vessel for the solutions. Iron 
pipe was regarded as the simplest thing to use, but it was found 


mA 

impossible, even with the exercise of great care in cutting threads and 
with the use of asbestos and lead gaskets, to cap both ends securely 
_ enough to prevent the solution from evaporating completely in a short 
time. This is interesting in view of the fact that water can be held very 


easily under the same conditions, and it throws some light on the 
persistence of leakage at boiler seams when alkali is present. The next 
procedure after the solution and specimens had been put in was to 
weld up the tubes with the oxyacetylene torch. This was done by 
immersing the pipe during the welding in cold water to a poiut 
slightly above the level of the solution inside. It is again interesting 
to note that some of the welded pipes containing sodium hydroxide 
which were pressure tight upon the completion of the weld, after 


_ being heated for some days, developed leaks due to the action of the 


alkali. In general, however, this method of treatment was satisfactory. 

The 100 degree temperature was obtained by means of a steam 
bath. The two higher temperatures were obtained by means of elec- 
trically heated air-baths which were constructed for this purpose by 


winding a 15-inch length of asbestos covered 6-inch iron pipe 


with nichrome wire, smearing it with a mixture of talcum and water 
glass, and putting it in a box of sand. In series with each of these 
two air-baths was a regulating resistance. 


~ 14. Description of Steel Used—Owing to the short time allotted 
to this work, it was possible to carry out tests on only one material. 
This was 14-inch open-hearth wire obtained from the Kokomo Steel 
and Wire Company, and had the following composition : 


ae os Fc iad) nn wa Salen 2 0.18 per cent 
RE NT es eas his) 5 om bosses «® # 0.024 per cent 
Tee Suerte ayy Gees es 0.045 per cent 
CHIEN A. eR GR ARR ei ar a a 0.42 per cent 


Two batches of five hundred feet each were annealed in a large 
gas furnace in the forge laboratory of the University, and, unless 
otherwise mentioned, it was this material which was used in all the 
work. | 

It is to be noted that this steel is of a composition such as is speci- 
fied for boiler plate. The significance of this will be seen in the fol- 


lowing discussion. 


each to within about 0.015 inch of the PERC hk required in the tests, 
and were placed in a pipe which contained four or five of the samples — 


for both the impact and bending tests and two for the tensile strength — 
determinations. The solution was added, and the pipe sealed and put — 
in the furnace for the required period. It was then removed, opened, — 
and the specimens turned down to the correct dimensions and tested. 


Care was taken in this final turning not to heat the specimens, since 
it was thought that such a re-heating might affect the results. The 


results of the impact and of the repeated bending tests as presented — 
in Table 8 are the averages of four or five tests; the values for tensile 


strength are the averages of two results. 


TABLE 8 


Series 1 or Tests SHowine Errecr or ALKALI TREATMENT ON PHYSICAL . 


PROPERTIES OF STEEL EXPRESSED IN PERCENTAGES OF THE CORRE- 


SPONDING VALUES FOR UNTREATED MATERIAL 


Tem- i 
Time pares | Tensile Test = —— 
fo) ture TW en ding 
. Ultimate} Elon- Test. 
SoLuTIoNn Treat-|__ of Yield | Tensile | gation | 2@9°F | No. of 
ment | Treat-| Point 5 Stress- 
Strength| in 14 A Alterna- 
pee Manion aoe see Lbs. per |_ Inches Fens tions to 
ays /Megrees) oq. *n." | Sq. In.* [Per Cent*| pe, |Rupture* 
SS 7 ———— 
17 100 116.0 102.0 100.0 85 
30 100 101.0 102.0 83.0 110 
10 180 110.0 100.5 98.0 64 
15 180 100.8 102.0 97.4 69 
15 180 103.0 98.5 82.0 82 
19 180 80.0 97.0 88.0 82 
23 180 os 88 
4) iB | ‘ 
13.6 N NaOH.. 5 | 280 | i006 | ‘98.6 | i040 79 
8 280 97.6 95.6 67.0 56 
10 280 99.6 100.1 97.0 57 
13 280 98.5 96.0 87.0 80 
15 280 89.0 94.4 98.0 75 
15 280 97.6 101.0 90.6 73 
15 280 sears 79 
| n 280 107.0 97.0 97.0 vie 
( 17 180 102.0 104.0 104.0 126 
19 180 116.0 105.0 101.0 105 
13.6 N NaOH 19 180 be wr 
+ NagCre07.. 17 280 96.5 101.0 87.0 119 
19 280 96.5 96.0 94.0 93 
20 280 “ae ae 
23 a4 ie 104 
NagCO3...... 16 280 101.0 100.0 91.0 131 
24 280 ae + atone 
2 Len 106.0 101.0 94.0 91 
Boiler Scale. ... 19 280 ty! 
19 280 


Strong 
Strong 
Strong 
Strong 
Slight 
Strong 
Strong 


Strong 
Slight 
None 


*The results are expressed in terms of percentages of the values on original untreated material. 
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_V. ReEsuuts or THE PrysicaL Trsts 


Table 8 presents the results of the first series of tests; all values 


are expressed for convenience in terms of percentages of the cor- 
‘responding values for untreated material. Column 9 indicates the 


amount of hydrogen set free during the action of the solution ag evi- 


_denced by the amount of pressure developed. The material in the 


untreated state had a yield point at about 37,700 pounds, an ultimate 
Strength of 55,900 pounds, and an elongation of 31 per cent on 14% 
inches. The area under the stress-strain curve was 1,190 foot-pounds 
per cubic inch. The specific impact work in the bending test when a 
-deep notch (d = 0.150 inch) was used was 248 foot-pounds per square 
inch (5.36 m-kg. per sq. em.). No value can be given for the 
repeated bending test which would have any absolute significance, 
because of the difficulty of calculating the fiber stresses in the notch. 
The results of the tensile test do not show any effect of the sodium 
hydroxide on the yield point or on the ultimate strength. The im- 
pression is gained from a study of the elongation that its value is 
reduced slightly by treatment in sodium hydroxide; this can also be 
said, although to a less degree, of the area under the curve. At the 
‘same time the reduction is not very marked, many of the values being 
‘reduced only by an amount easily within the experimental error. 
Some of the results of the impact test of this series are without 


value and are omitted here as they were obtained before the procedure 


had been adopted of turning the specimen down both at d and at D 
after the treatment. The results given here show that the material 
did not deteriorate at 100 degrees and only slightly at higher tem- 


peratures. 


When the results of the repeated bending test are considered, 
however, the effect of sodium hydroxide in embrittling is at once ap- 


‘parent; the number of alternations of stress withstood after treat- 


ment is, on an average, about 80 per cent of the values for the un- 


‘treated material at the two higher temperatures. There are only two 
-eases in which there is no decrease. 


In order to confirm these results and at the same time to test 
the effect of variations in time and temperature on the values obtained, 
two more series of tests were run, the results being presented in Tables 


‘9 and 10. 


It is to be noted in all the tests that at both temperatures, 280 


-and 180 degrees C, the brittleness increased for about a week and 


we at 


= TABLE 9 


SERIES 2 or Tests SHowine THE Errecr or ALKALI “Thagaesinaien ON payouts 
PROPERTIES OF STEEL 


_ Tensile Test 


13.6N NaOH.. 


13.N NagCr207 


*The results are expressed in terms of percentages of the values on original untreated material. 
Aq 
TaBLe 10 : 


Series 3 or Tests SHow1ne Errect or ALKALI TREATMENT ON PHYSICAL 
PROPERTIES OF STEEL : 


Time of 
SoLuTIon Treatment ‘ . No. off . i Hydrogen 
i Evolution 


ache 
TS ADNOOH (10 ccmesea sa Boone 
BEN NEOW...c.< ccs clecveses Strong 
N/10 NaOH . None 
Ja: GINGNGOH eens cot cee atewe oo 
13N NagCreQO7 ........-. None 
DINING EL stein ies o.4rs vreciee 
25N NaoCroO7.........-. None ; 
> ‘ 
*The results are expressed in terms of percentages of the values on original untreated material. ae 


then decreased, the material recovering either partially (first series) 
or even wholly (second series) its original mechanical properties. 
This is indicated in the curves showing the results of the first and 
second series of repeated bending tests given in Fig. 11. Even more 
striking is the complete recovery noted in the third series. This was 
also noted by Andrews in his work. A tentative explanation of this 
rather curious phenomenon is presented in the following paragraph. 
During the first period of the action of the alkali, before the 
oxide product of the corrosion has been formed, the hydrogen liberated 
by this action is actually given up in the nascent state on the iron 


PER CENT 


10 
Fig. 11. Errecr or Sopium HyproxiDE TREATMENT UPON THE TOUGHNESS OF 


STEEL AS INDICATED BY THE ALTERNATE BENDING TEST. TEST SERIES 1 


Abscissas....Length of time of treatment in days 
Ordinates....Number of alternations to rupture expressed as percentages 
of this value on original untreated material 


and absorbed by it. Later the H, formed by the anode solution of 
the iron is given up at the cathode, which is now the very electro- 
negative oxide, and can come in contact with the iron itself only by 
secondary diffusion or after it has formed in the molecular state. 
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a4 
Such hydrogen has been shown to have little or no effect on the 
mechanical properties of steel. Therefore, as soon as the oxide has. 


formed in a thick, dense layer over and near the iron, the embrittling a 


action of the chemical agent ceases. It has also been shown by Heyn * 
and others that chemical (pickling) brittleness is relieved by heating 
for a short time at even such temperatures as 100 degrees C, the 
hydrogen evidently diffusing out of the material and leaving it in its 
original state. Therefore, after the embrittling action of the alkala 


Fig. 12. FRAME FoR SUBJECTING STEEL TO CORROSION UNDER STRESS 


has ceased, that brittleness which has already been induced is removed 
by the heating to which the material is further subjected. 

The effect of the temperature of treatment on the results can be 
best seen in Table 12, from which it is evident that at the higher tent- 
perature the brittleness is developed in a shorter time than at the 
lower, and also the effect produced by the alkali is greater. 

A survey of the results presented in the four tables shows, as 
would be expected, that the action of the alkali was more marked at 


*Stahl und Eisen, vol. 20, p. 837, 1900. 


4 


es. 


; 


‘the h higher concentration of 25N than at 13N, and that in two weeks. 


effect at all was produced by the 1/10 normal alkali at 200 degrees. 
( although there was quite noticeable corrosion. 

As it has been suggested by Stromeyer that steel in tension was: 
more affected by treatment with sodium hydroxide when under stress: 


- than when without stress, and as such a fact would, under the circum- 


stances, be of great significance, some tests were carried out to deter- 
mine whether such an acceleration of the embrittling action could be 


noticed. Two specimens were put in a frame, a sketch of which is. 


presented as Fig. 12. The specimens BB were then put in tension 
by screwing up the bolts, the amount of the stress being measured’ 
approximately with a strain gage. Since the specimens were notched 
it was impossible to calculate the fiber stresses at the notch; the 
average stress applied to the bottom of the notch was about 15,000’ 
pounds. Three of these frames were then welded up with the solution 
in a 14-inch length of 4-inch pipe and heated for the desired period. 
It was found very difficult to make the weld in 4-inch pipe absolutely 
tight and free from pinhole leaks. 
The results of these tests are presented in Table 11. 


TABLE 11 
_Errect or Soprum HyproxipeE TREATMENT ON Sorr Sree, UNDER STRESS 


Alternate Impact 
Time of Sener Bending Test. Hydrogen 
SoLuTIon Treatment | treatment |rest- No. ofj Specific Evolution 
in Days D Cc Alternations Impact 
egrees \- | to Rupture* Work* 
PON PIN AUER ace Sass ca ne « 6 eras or 8 76 Ce Ame ects 
NENG OEE (o-0 oot s aticare wis ive 8(t) 95 65 senna 
IN INROEL s amt = Siecesniie'e ies 4 97 aig Slight 
NSINGNAO EL Asst e oo eres esis 14(t) TOS Oe) eae ses eatoc 


*The results are expressed i in terms of percentages of the values on original untreated material. 
(t) Specimens were in tension during treatment. 


So far. as can be seen from the results of the two runs made, 
material in tension shows, if anything, less tendency to undergo the 
embrittling attack of the alkali than material which is not. In view of 
the conflicting testimony on this point, it is probable that further 
investigations are needed. 

Owing to the fact that the concentration of hydrogen is greatest 
at the surface and becomes less toward the center, the results of these 
tests probably do not give the proper evaluation of the amount of 
brittleness caused at the surface. Further, in turning down the 


* 
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iitioh 4 is most affected by nee treatment is removed, so that dhe actual 
values over the whole alkali-treated section must have been s 
smaller by some fraction of the measured reduction in the ae 


show Shae the enietealie effect of sodium hyarauee on steel is due — 
to the evolution of hydrogen and the abscrption by the steel of the — 
hydrogen in the nascent state. However, there are two other possi- 
bilities which may be considered : ia 

First, there is the possibility that the alkali actually works into © 
4 the metal eating out the ‘‘amorphous inter-crystalline cement’’ which, 
m being thermodynamically less stable than the crystals, would be first — 


*% 


attacked. This would cause a brittleness akin to that caused by 
burning or overheating and fracture would be intererystalline. 

| Second, Andrews claims that sodium hydroxide causes a “‘crys- 
tallization,’’ by which he means a coalescence of the smaller crystals 
into larger ones. This effect would also be the same as that caused 
by over-heating. 

It is not believed by the author that sodium hydroxide acts in 
this latter way, or, at least, that the embrittling effect is due to any 
such action. It is, in the first place, difficult to see in just what 
manner the presence of sodium hydroxide could cause a coalescence — 
to take place in the period of one week which it takes to develop this 
brittleness, at the comparatively low temperatures of 100 to 200 de- 
grees, in material in which the coalescence is known to proceed at a 
searcely appreciable rate at these temperatures. 

It has been further shown that the material in contact with sodium 
hydroxide at higher temperatures undergoes a gradual recovery of- 
the original mechanical properties, a phenomenon which has already 
been given an explanation, and which cannot possibly be reconciled 
with any theory making ‘‘recrystallization’’ responsible for this effect. 
There are presented herewith some photomicrographs to show that no 
such coalescence does actually take place. Besides the material used 
for the tests, some specimens of electrolytic iron were used in studying 
this question. Pieces of the material about one inch long were turned 
down to a uniform diameter and cut in two. One-half was now 
treated at any desired temperature with sodium hydroxide and the 
other held for comparison. 


In order to create a favorable condition for crystallization all 
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Fig. 138. PHOTOMICROGRAPHS OF Sort STEEL, BEFORE AND AFTER 
TREATMENT WITH SopiumM HyDROXIDE 
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trolytic iron arfd some of the diel’ specimens were first heated — 
ve 90 degrees" and cooled quickly in air, thus producing a fine, 
less stable, grain. After treatment a low melting alloy was cast 
1 each specimen; in order that the structure at the edge where 
kali had acted might be observed, about 1 mm. was then ground 
fe f, and the specimen polished and etched with picric acid. 

~The specimens were examined and in no case was any in- 
2 rease in grain size noticed as a result of the action of the alkali 
(Table 12). Photomicrographs, Fig. 13, show the appearance of the 
steel used before and after treatment with sodium hydroxide at 200 
_ degrees C for fifteen days. 7 


F é TABLE 12 , 


Errect oF ALKALI TREATMENT AT HiGH TEMPERATURE ON GRAIN SIZE OR 
CRYSTALLIZATION OF IRON AND STEEL 


Period of 
Trentiient Temperature 


with Alkali of Treatment Solution 


_ Steel annealed at 900 degrees and 
eb)yrcooled am mura Ge ce ie emma «ae «2 - 21 2R0UC: 13.6 N NaOH 
a RCOOLGE UN ORIR aye aeteisile OY wee etd ewe w es 15 200° C. 13.6 N NaOH 


Electrolytic Iron Remelted annealed in vacuum 
MMC COGIEM GT ALE setae ct srcts cin sie bee ssiepe enol sis 


15 200° C, 13.6 N NaOH 


Although it is possible that an effect similar to the first mentioned 
_ may be present as an auxiliary cause, all the facts seem to show that 
absorbed nascent hydrogen is the principal cause of brittleness. It 
is impossible at present to say in just what state the hydrogen is pres- 
ent in the iron, whether as a solid solution, as a compound, or as a 
solid solution of that compound. It is, indeed, probable that even to 
detect analytically the small amounts of H, present would have been 
: extremely difficult, and for that reason it was not attempted. That 
hydrogen is evolved during the action of alkali on the iron could be 
_ observed at all temperatures above 100 degrees. Upon opening 
the pipes containing the alkali, a gas was found under considerable 
pressure, which analyzed about 94 per cent Hy. 

A rather striking proof of the fact that some molecular change 
takes place in iron during the action of alkali is found in a study of 
its Emf toward any strength of solution, more conveniently N/10 
sodium hydroxide, before and after treatment in concentrated alkali 


ae 


. > 100 deg 
both of us that after treatment the pot: erabl, 
i se ‘ n % f agian 
n before, and that it extends into the specimen from 


EMF IN VOLTS 


409 MINUTES . 80 


Fie. 14. Emr or Iron to N/10 NaOH BEFORE AND AFTER TREATMENT WITH 
CoNCENTRATED NaOH 


N 
(Emf measured against the Hg/HgO/—NaOH electrode) 
10 
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a considerable distance; this last fact was proved by turning off 

0.015 to 0.30 inch before measuring. This increase in potential | 

a also caused by immersion for a few minutes in dilute acids or by 
cathodic polarization. The measurements, the results of which are 

shown in the curves in Figs. 14 and 15, were made by the ordinary 

- compensation method. The specimens were in all cases sandpapered 

_ or turned down after alkali treatment and paraffined for about one 
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EMF IN VOLTS 


4.0 MINUTES 60 
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Fie. 15. Emr or Iron to NaOH Berore AND AFTER TREATMENT witH 50 PER 
Cent NaOH Anp wits Diture H,SO, (Dr. HirscHKIND) 


t Curve 1....Emf after 10 minutes immersion in dilute H,SO, 
Curve 2....Emf after one week treatment with 50 per cent NaOH at 
110°C 
Curve 3....Emf of original untreated material 


inch below and above the surface of the solution while their potential 
was being measured. The curves, Fig. 15, are taken from Dr. Hirsch- 
kind’s data; they show the potential in 1/10 normal sodium hydroxide 
_ of steel against Hg/HgCl. 1/10 normal KCl as a function of the time. 
Curve No. 3 gives the potential for the untreated steel; No. 2, for the 
same after a treatment of one week in 50 per cent sodium hydroxide 
at 100 degrees C; and No. 1, the potential after about ten minutes 
immersion in dilute sulphuric acid. It is to be noted that cathodic 
polarization gives the same effect as the sulphuric acid. The curves 
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n Fig. 14 +148 show this. effect, the heasuneilonth being i in /10 ne 
“ah el sodium hydroxide against Hg/Hg0. 1/10 normal sodium hy 
ide. No. 2 shows the potential of untreated material ; and No. 1, 
same after treatment in 13.6 N sodium hydroxide at ‘180 degrees | 
- ten days. The potential is seen to be higher for all cases after treat 
ment of any sort that evolves nascent hydrogen on the steel than for* é 
the original material. This fact would seem to point unmistakably ‘ to : 
a molecular change in the iron. 
This high potential seems to disappear in many cases after a iapeee 
‘of time and after heating to from 100 to 200 degrees in air, but ny 
relation was established between the presence of this potential and 
the existence of brittleness ; the potential seemed to be increased during — 
the treatment long below the brittleness manifested itself. It is, 
however, likely that there could be found such a parallelism, if the — 
methods for testing the mechanical properties were as delicate as the | 
potential measuring methods. 


16. Prevention of the Embrittling Effect—Another indication 
consistent with the hydrogen theory was found in studying means to 
prevent the deteriorative effect of sodium hydroxide. Of such means 
the first and most natural which suggests itself is the removal of the 
active agent. 

If hydrogen is the cause of this brittleness, it should be possible 
to remove it by adding an oxidizing agent to the solution which would 
depolarize the iron electrode, as, for example, sodium dichromate. 
Preliminary measurements of the potential of iron to concentrated 
solutions of sodium hydroxide showed that at all temperatures readily 
accessible to such measurements (20 to 110 degrees), this potential 
was very considerably lowered by addition of the dichromate in equiv-~ 
alent proportions; that is, for one mol. of sodium hydroxide there 
was used 1/6 mol. of the dichromate. Curves showing this are given 
in Fig. 17; the measurements were made at 80 degrees C. Not only 
is Curve No. 1, which gives the potential of iron in 13.6N sodium 
hydroxide, higher (more electropositive) than No. 2 with the dichro- 
mate, but it also slopes upward, while No. 2 slopes the other way. 
Since the hydrogen potential in an alkaline solution of this concen- 
tration is calculated to be about + 0.930, it would be impossible for 
it to be generated in the solution in which the Na,Cr,0, is present. 
Similarily, judging from these data, the corrosion in the dichromate — 
solutions should be less noticeable than that in the sodium hydroxide 
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Fic. 16. THe Corrosion or 14-1ncH STEEL WIRE 


A—After 1 week in 13.6 N NaOH at 280° C 


B—After 1 week in { oe 4 Ne tr,0, i 
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ining thi dichromate had generated hydrogen during the Bae, 


_ The corrosion in all cases 
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d fferent character. This is shown in the photograph Fig. 16. With 
_ pure sodium hydroxide the surface was rough and covered with a 
_ porous, loose deposit of black Fe,O,, or a hydrated form of it, whereas 
_ the material es at the higher temperatures 180 to 280 degrees : 
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2 4 HOURS 
Bie 17. EFFECT OF ApprrroN or SopIUM DIcHROMATE UPON THE Emr oF IRON 
In NaOH SouuTion. TEMPERATURE 80 DEGREES Cc 


Curve 1....Emf of iron to 13.6 N NaOH solution 
Curve 2....Emf of iron to solution which is 13.6 N to both NaOH and 
: Na,Cr,O; 
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‘The toughness, as didteated te ‘the repeated bending ae 
bes suffers ‘no deterioration under the action of sodium h Y 
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Borer Water TREATMENT 


Magnesium Sulphate—The simplest method for counteracting 
the excessive alkalinity of the water used at the University of Illinois 
power plant would seem to be by the addition of a salt having prop- 

erties which would cause it to react with the alkali and yield a harm- 
less product. Magnesium sulphate (MgSO,-+ 7H,O) is such a salt, 
the reaction being: 


2 NaOH + MgSO, = Na,SO, + Mg (OH), 


The resulting sodium sulphate remains in solution. The magnesium 
hydroxide, if the water is free from ammonia compounds, is insoluble 
and forms a precipitate or sludge. One pound of magnesium sul- 
phate per 1,000 gallons of water will react with an equivalent of 3 
grains per gallon of sodium carbonate. The water as used averages 
about 4.5 to 5 grains per gallon of sodium carbonate, requiring a theo- 
_ retical treatment of about 1.5 pounds of MgSO, per 1,000 gallons. 
Early in 1914 the use of magnesium sulphate was begun with 
; amounts varying from 14 to 2 pounds per thousand gallons. It was 
found practicable to reduce the sodium hydroxide alkalinity to zero. 
_ Facilities were lacking, however, to accomplish an exact treatment of 
the raw make-up water owing to the large quantity and varying 
amount of condensate returned from the heating system. Treatment 
was, therefore, very irregular; and at times when the treatment was 
discontinued, the sodium hydroxide concentration would occasionally 
reach 75 grains per gallon in the boilers. About January, 1916, 
separate tanks for the make-up water were made available and in 
these the treatment could be carried out in a way which would be 
independent of the return water. Much more concordant results were 
obtained and until March 1 the treatment was confined to the use of 
one pound of the sulphate to 1,000 gallons of water. The average 
alkalinity of the water in the boilers was less than 10 grains per 
gallon. Earlier experience with two pounds per thousand gallons 
had demonstrated that it was feasible to maintain the hydroxide alka- 
linity at practically zero when using that amount of sulphate. 
51 
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in tee. connection is apaiaht dichromate. The ate FET 
be: 


" Na,Cr,0, + 2.NaOH =2 Na,CrO,+H,O _ 


It is possible that this salt may serve a dual purpose, as indicated in 
Dr. Merica’s discussion, by taking up the nascent hae which 
might otherwise go into the iron, thus: 


2 Na,CrO, + 9H — 4 NaOH + Cr,(OH), + H,O 


One feature was in evidence as a result of the use of this chemical. 
Considerable hydrolization took place within the boiler, probably pro- 
moted by the presence of the organic matter, so that some chromium 
was precipitated an the form of hydroxide Cr,(OH),, and this material 
mixed with other solids had a tendency to fuse or bake as an incrusta- 
m. tion along the highly heated surfaces of the flues. While the use of 
this material was of advantage in indicating the location of leakage 
conditions in the boiler, its use was not continued long enough to 
prove its worth as a neutralizer of the hydrogen that might be 
formed. 


Sulphuric Acid—About March 1, 1916, sulphuric acid was used 
in an amount slightly more than the equivalent of 1 pound of mag- 
nesium sulphate per 1,000 gallons of water. At first the amount of 
acid was 0.39 pounds per 1,000 gallons. This was shortly increased — 
to 0.54 pounds per thousand. % 

By reference to the composition of the water it will be seen that 
this amount of acid is sufficient to neutralize about 75 per cent of the 
sodium carbonate alkalinity, and that for the total alkalinity, inclid-— 
ing the magnesium and the calcium carbonates, the entire amount of 
acid required for neutralization would be about 2.5 pounds per 1 000. 
gallons, which leaves an ample margin of safety between the free acid — r 
. employed and the total alkalinity of the water. This treatment was _ 
maintained steadily for 8 months. A quite uniform degree of sodium — 
hydroxide alkalinity has resulted of approximately 9 per cent of 
the total solids present within the boilers. This has been accom- 
panied by a sodium carbonate alkalinity of about 11 per cent of the — 
total solids. This ratio of NaOH to Na.CO, alkalinity is constant and — 
evidently represents an equilibrium between the vapor and liquid 
phases of the constituents. A small amount of exudation with 


a } 
i 


a ts 4 
opr om ae ON SOFT STEEL 53 a“ 


ea i 


Sodium Carbonate, Na,CO, = 15.3 per cent 


=. Sodium Hydroxide, NAOH = 13 “ ‘* 
: ; 7”, Sodium Sulphate = POT ét ane 
' Water - — 5.5 ‘ OG 


Assuming that the sodium carbonate before exposure to the air 
e from the boiler in the fairly constant ratio of forty-five parts of 
NaOH to fifty-five parts of Na,CO,, we see that the active constituent, 
NaOH, is probably present at the point of exudation or contact with 
the boiler plate to the extent of about 8 per cent of the total solids. 
‘Whether this amount is low enough to preclude the possibility of 
hydrogen generation and consequent embrittling of the plate must 
remain for further inspection and experiments to determine. It may 
be said, however, that the new drums at the present time, after ten 
_ months of service with water that has been corrected for alkalinity, 
show no signs of trouble. The sudden rise in the price of magnesium 
sulphate and sodium chromate was the chief argument in deciding 
upon the use of the free acid. It offers an advantage also in that it 
adds no further solids to the water, and, from the viewpoint of the 
chemist, it is more logical to add a free acid which will form mag- 
nesium sulphate within the boiler than to add the more expensive 
magnesium sulphate already prepared. It may not be wise, however, 
- to recommend the use of the free acid except under conditions where 
.. control and reliable supervision are assured. 
| 
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Graham,* 1866, discovered that hydrogen penetrates red hot iron 

_and when the iron cools down it retains a part of this hydrogen. 
Cailletet + and Johnsont showed that iron at ordinary tem- 
perature absorbs electrolytically generated hydrogen, while gaseous 
hydrogen has no effect at all. Johnson’s investigation is very inter- 
esting. He used soft iron wire which became brittle as soon as 


*Proc. Roy. Soc.. vol. 17. p. 219, 1869. 
+Compt. rend., vol. 80, p. 319, 1875. 
¢Proc. Roy. Soc.. vol. 23, p. 186, 1875. 
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electrolytic hydrogen was generated on it. If the wire was dipgeaes i 
acid, it became brittle immediately. <2 
Bellati and Lussana * used a barometer, closed with an iron plate, 
which was at the same time a cathode in an electrolytic cell. Bat ‘ 
generated hydrogen was diffused through the iron plate, as indicated va 
by the falling of the barometer. The results of Bellati and Lussa ae 
a were also verified by Shields.t 4 
3 Heyn it carried out a series of investigations on the effect of : 
hydrogen on mild open hearth steel and found: first, that if a piece 
of steel was heated in contact with hydrogen to a temperature 
of from 730 to 1,000 degrees and was suddenly quenched in water, the 
metal became decidedly more brittle than if heated in the open air 
before quenching, and that slow cooling in hydrogen or heating to 
less than 330 degrees before quenching, had no effect which could be 
detected by a bending test; secondly, the hydrogen penetrated grad- 
ually from the surface inwards, but the effect could be neutralized by — 
heating the specimens afterwards in air or in contact with nitrogen; | 
thirdly, if the pieces rendered brittle by heating in hydrogen and sub- 
sequent quenching were exposed to the atmosphere for a long time, 
the toughness was restored wholly or in a great part. It was not 
possible to detect the least difference between the micro-structure of 
specimens heated in air and quenched. ‘ 
E. Heyn gives further details of his experiments on the influ- 
ence of hydrogen on iron. The brittleness of the iron, due to the 
hydrogen, can be very readily overcome. If the iron is heated very 
slightly or boiled in water or in oil, this brittleness is either wholly or 
in part eliminated. After the metal had been exposed to the air for 
fourteen days without any extra heating the brittleness of the open 
hearth iron completely disappeared, but in the case of the wire. algo _ 
extremely low in carbon, the metal was as brittle at the end of four-— 
teen days as initially. In 251 days the hardness and brittleness were : 
nearly eliminated. 
A very important contribution to the subject has been given’ by — 
T. W. Richards and G. E. Behr § concerning the electromotive force 
of iron under different conditions and the influence of occluded hydro- — 
gen. As the first of many investigators, they determined the potential — 
of an iron electrode in a normal solution of ferrous irons in the cell: 


*Z. physik. Chem., vol. 7, p. 229, 1891. tStahl und Hisen, vol. 20, p. 837, 1900. 7 
+Chemical News, vol. 65, p. 195, 1892. §Z. physik. Chem., vol. 58, p. 301, 1907. | 
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Fe-FeS0,(—45—) KCl HgCl-Hg 


‘They found as the electromotive force 0.77 volt against the deci- 


y found it to be 0.03 volt higher, namely, 0.8 volt. This is prob- i 
ably due to the larger surface in the latter case. It was also found 
that the enormous pressure of 350,000 kg. to the square centimeter 
eaused no variation of the potential; that sudden cooling from a very 
high temperature had no influence; and that iron powder reduced at 
low temperature can take up Soibadeoabis quantities of hydrogen with- 
out any change of the potential. Contrary to E. Heyn’s statement, 
previously described, they found that iron heated in hydrogen above 
730 degrees and rapidly cooled does not take up any hydrogen, but if 
the heated iron is rapidly cooled in water, active hydrogen is taken 
up which considerably increases the potential. They stated further 
that in this case it would not make any difference if the iron was 
heated in a hydrogen or nitrogen atmosphere. The hydrogen, which 
_ is taken up by the metal in sudden cooling in water, is driven out in 
the ferrous sulphate solution and the potential goes down to the nor- 
mal value. The hydrogen in this case seems to be in any active form 
and equal to the nascent hydrogen which is taken up by the iron 
(Johnson and Cailletet) whether the hydrogen is generated chemi- 
eally or electrolytically. E. Heyn in his reply objects to Richards’ 
and Behr’s statement that no active hydrogen is taken up by heating 
in a hydrogen atmosphere. This divergence is explained by the fact 
_ that Richards and Behr experimented with spongy iron and Heyn 
with compact iron. 

Concerning the diffusion, occlusion, and solubility of hydrogen 
in iron we owe two careful studies to A. Sieverts.* He found that at 
constant temperature the solubility of hydrogen in solid and liquid 

metal is proportional to the square root of the gas pressure. At con- 
stant gas pressure the solubility of hydrogen is increased with the 
temperature. At the melting point the increase of the solubility is 
discontinuous. The transition of X into B iron and of B into Z iron 
cannot be recognized on the absorption curve. 

If solid iron is slowly cooled down in hydrogen the dissolved 
hydrogen is nearly completely liberated. But if it is cooled down 


*7. physik. Chem., vol. 60, p. 153, 1907. 


3 - ak ae 
ere the hydrogen s stays in the iron. Siev und 
heated to 800 degrees and slowly cooled down 0.16 per ¢ 
liberated. Heyn found 0.16 per cent H, in a piece of i iron wh wai 
treated in a hydrogen atmosphere at from 750 to 800 degrees 

~ rapidly cooled down, which agrees with Sieverts results. ee 
. Charpy and Bonnerot,* two French investigators, studied the 
reactions accompanied by the osmosis of hydrogen through iron. 1 
found no specifically new facts, but stated that molecular hydros re 
penetrating through iron has no effect on its structure and strength. 

7 Concerning the phenomenon which is called passivity of iron 

there is much literature, but only the most recent investigations ane eo 
., kere noted. _ 

The metals can be divided into two groups: The first that in which - 
the potential difference between metal and electrolyte is purely a 
2 function of the concentration and temperature of the electrolyte; and 
the second (Fe, Ni, Cr) that in which the potential depends also on — 
the state of the metal itself. We will not discuss all the numerous 
and different theories of passivity, but only the most recent one, which, 
it is true, is not as yet generally accepted, but which seems to give | 
% _ promise of proving correct. . 
A passive metal can be defined without respect to any theory as | 
a metal in that state in which it does not send ions into the solution. 
That is to say, the reaction 


Me S M** + 2(-) 


takes place with an extremely slow velocity. Foerster + first brought ] 
up the question as to whether the active state is due to a catalyzer. 
All the metals which exist in an active and passive state like irony 
nickel, cobalt, or chrome take up hydrogen very easily. Electrolytic 
iron contains much hydrogen taken up by the metals which effects the 
active state as a catalyzer in the reaction described. 

K. Grave ¢ claims as the result of his experiments that it is only 
the hydrogen ion which effects the active state in metals. 

J. H. Andrew § describes a series of experiments wherein he was 
able to demonstrate the brittleness of strips of steel after submerging 

*Compt. r., vol. 156, p. 394, 1913. 

yAbh. der deutschen Bunsenges, vol. 2, p. 25, 1909. 


¥Z. physik. Chem., vol. 77, p. 513, 1911. 
§Transactions Faraday Society, p. 316, March, 1914. 
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them in concentrated sodium hydroxide at 100 degrees for from one 
to seven weeks. The action of the caustic soda was accompanied by 
the evolution of hydrogen. The embrittling effect was more notice- 
able in the initial stages of the experiment and increased during the 
first few weeks of the treatment. This brittleness ultimately disap- 


_ peared and malleability was again restored. These characteristics are 


especially interesting in the light of Dr. Merica’s experiments with 
sealed solutions of caustic. 
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